Abstract
INTRODUCTION
Dressing seeds with pesticides is a widespread and effective way to control pests. 1, 2 As reviewed by Nuyttens et al., 3 one of the disadvantages of this technique is that abraded seed particles can be emitted to the environment during sowing. 4, 5 This phenomenon has, among others, resulted in bee losses in several countries. 3 Although these honey bee poisoning incidents were attributed to sowing with seeds treated with neonicotinoids without any mitigation measures, the environmental risks of seed treatments in general received increasingly more attention from researchers, farmers, consumers and governmental bodies.
The main factors affecting the risk of dust drift are the seed treatment quality, the seed drill technology and the environmental conditions. 6 One of the actions undertaken in several countries to monitor and improve the seed treatment quality is the introduction of the internationally accepted Heubach test which measures the abrasion potential of seed treatment coatings and expresses them as Heubach values (HV). 7, 8 As mentioned by Nuyttens et al., 3 the exact size range of the collected particles in a Heubach test is unknown but it is certainly very small compared to the size range of the total driftable dust fraction in field conditions. This is supported by the findings by Biocca et al. 5 who measured HV and total dust values ranging from 0.72 to 1.83 and 5.95 to 20.99 g per 100 kg, respectively, for four types of maize seed dressings.
Besides HV or the total dust load of treated seeds, more information is needed about the physicochemical properties of the total dust fraction to better understand the complex process of dust drift 8 and for the development of predictive dust drift models 9 . Particle size is one the F o r P e e r R e v i e w 3 physical properties well known to affect the driftability and behavior of dust particles. In contrast with spray droplet size distributions and the problem of spray drift, 10, 11 little is known about the particle size distribution (PSD) of pesticide dust from treated seeds, although some studies addressed this topic, such as Pistorius et al. 12, 13 and Balsari et al. 14 
Physical
properties of dust originating from untreated grains, however, have been studied to explain grain dust explosions and health hazards during storage. 15, 16 Dust characteristics have also been studied in detail in soil erodibility studies. [17] [18] [19] [20] Over the years, different techniques to determine the PSD of particulate samples have been developed. These techniques often result in divergent data, even with an identical sample. 21 Because of these differences, comparative studies between different state of the art analyzing techniques have been performed as summarized by Goossens. 22 Except for spherical particles, no method of analysis gives the true particle size. 23 Furthermore, other particle characteristics, like shape and porosity could also be important for dust drift. 24 Therefore, three techniques were used to gather information about dust particles abraded from treated seeds viz. wet laser diffraction, sonic sieving and X-ray computed microtomography (micro-CT). These techniques were selected based on a literature review.
An overview of all techniques considered is given below.
The aim of this study was (i) to gather detailed information about the particle size of dust from different species that is emitted during seed drilling using wet laser diffraction and (ii) to compare the obtained PSD with the results from two additional measuring methods, i.e. sonic sieving and micro-CT. 24 All measurements were performed within the framework of a research project on dust drift from seed drills. 25 In this project, the physicochemical properties of dust particles discussed in this paper and Foqué et al. 26 were also used as an input for dust drift models. 
PARTICLE SIZE MEASURING TECHNIQUES
An overview of techniques which were initially considered for the determination of the PSD of dust is given below. Because of the high water solubility of many active ingredients (a.i.) used in seed dressing, techniques based on sedimentation, such as the pipette method, Atterberg method, hydrometer method, hydrophotometer, centrifugal sedimentation and Sedigraph, 22 were not considered here. For similar reasons, the Coulter counter method, which counts and measures particles suspended in electrolytes, was not selected although this technique performed well in the comparative study of Goossens 22 .
(Sonic) sieving
Standard methods for particle size analysis are based on mechanical sieving of coarse fractions and sedimentation of fine fractions. 27 These rather low-cost techniques are still used in today's research and allow for separation in size classes. [28] [29] [30] [31] [32] Mechanical sieving might however change the structure and shape of the dust due to mechanical disturbance.
Furthermore, Kettler et al. 33 proved that dry sieving becomes inefficient for particles < 50 µm.
Therefore, 50 µm, 28 or even 75 µm, 32,34,35 is generally used as the lower limit for the mesh size for dry mechanical sieving. With wet sieving, smaller mesh sizes, down to 25 µm, 36 can be used and some friction and mechanical disturbance is removed because the sieving process is driven by a liquid current rather than a shaking movement. As wet sieving is mostly done with water, this technique was not selected for similar reasons as mentioned above.
Sonic sieving, which is a special kind of dry sieving, allows for smaller particle size separation with sieves down to 5 µm (Endecotts Limited, England). This is important because the smaller particles are not merely believed to drift the farthest, but also include the particulate mass fractions that are mainly mentioned in relation to potential health risks. 
Laser diffraction
Particle sizing through the laser diffraction technique is based on the detection of diffracted light due to particles crossing a focused laser beam. The detected light scattering pattern is transformed to PSD results with means of the Mie-theory. Because of the ease of use and proven accuracy, laser diffraction is the most frequently used technique for particle sizing. 16, 35, 42 This technique has been compared with wet sieving and pipette techniques 27 with good agreement of the obtained PSD. 43 Based on several criteria laser diffraction instruments were found best by Goossens, 22 followed by the Coulter counter method, sedimentation methods and optical methods. Otherwise, problems might occur when the particles are not spherical, especially if the particle aspect ratio (the ratio of a particle's longest to its shortest dimension) is higher than 5. 23,42 Even if the aspect ratio is below 5, additional information should be provided to describe the PSD and shape.
23
Laser diffraction can be done either dry or wet. With dry laser diffraction, the particles are driven through the detection zone using compressed air. At least a tea spoon is needed for one dry analysis, while only a pinch of powder is needed for a wet analysis. However, as mentioned by Parnell et al., 15 the absorption of isotonic aqueous solutions by dust particles could result in swelling, which would in turn produce flawed particle size determinations. Furthermore, many products used in seed coating easily dissolve in aqueous solutions and smaller particles might thus break up or even disappear. The biggest drawback of wet laser diffraction is that it is a destructive measurement technique and that it does not allow for the physical separation of size fraction for further physicochemical characterization of the size fractions.
Optical methods
Determining PSDs with traditional microscopy is possible, 22, 38, [44] [45] [46] [47] [48] but is very time consuming and the results can be influenced by the limited freedom in orientation of the particles during the measurement. 22 The fast evolvement in microscopic and imaging techniques and its automation now allows to increase sample sizes and improve the reproducibility of the results. In addition, optical methods allow to gather important complementary information about the particle shape and structure. These techniques are therefore often used in research concerning dust dispersion. Each run, about 1000 g of seeds were put on top of the 5 mm sieve and sieved for 5 min at 250 motions min -1 . This method assured the same treatment for all seed batches which cannot be guaranteed by manual sieving. The dust collected in the collection hopper was gathered using a brush and stored in a glass petri dish.
Dust samples W5-W6, M6-M8, B, Rye and Ra were provided by the Julius Kühn-Institute (JKI, Institute for Plant Protection in Field Crops and Grassland, Braunschweig, Germany). Except for sample M8, these samples were generated in a similar way by mechanically sieving whole bags of seed and subdividing them in two fractions (viz. < 500 µm and > 500 µm). Sample M8 consisted of dust from treated maize seeds retrieved from post-treatment filtering in a seed treatment facility in Germany. This dust sample therefore The size fractions from 160 -250 µm and from 450 -500 µm were not available for analysis.
Particle size measurements
An overview of the dust samples analyzed using different measuring techniques is given in Figure S1 (Supporting Information). In both cases, a good agreement between the measurements with and without sieving can be found although W1 shows more deviation because of the smaller amount of dust available (only two measurements were made for W1(bis) 
Micro-CT
Using micro-CT, 3D images of dust were obtained and processed with image processing software as described in detail by Devarrewaere et al.
24
. Three subsamples of each dust sample were transferred into standard polypropylene 10 µL micropipette tips, each containing approximately 0.001 g of dust. The micropipette tips were placed upright in the center of rotation of a sample holder and scanned by means of X-ray micro-CT (Skyscan 1172, Bruker microCT, Kontich, Belgium). Cross-section slices were generated from the shadow Image processing was performed using the software Avizo Fire Edition 8.0.0 (VSG, Bordeaux, France) as described in detail by Devarrewaere et al.
. The segmentation of individual particles could not be automated with any of the available automatic segmentation algorithms because these performed poorly. As a result, the analyzed number of particles was limited viz. barley (n = 40), maize (n = 501); pea (n = 100), rapeseed (p = 100), rye (n = 20)
and wheat (n = 300). Due to the small volume of the micropipette tips and the low number of particles per species, there was a limitation of the observed particle size. Bias in particle selection was minimized by selecting as many particles as possible (on average 80 particles per subsample). After labeling and 3D surface generation of individual particles, size and shape parameters were calculated. 24 This allowed for the calculation of the mean aspect ratio of the dust particles per species. As mentioned above this parameter is important for the interpretation of the laser diffraction data. Because differences in physicochemical properties were observed between dust from clothianidin (M7) and methiocarb (M3, M6 & M8) treated maize in previous experiments, 24 the aspect ratio for these a.i. is reported separately as well.
Comparison between particle sizing techniques
To allow comparison between wet laser diffraction and sonic sieving, both PSDs were expressed as volume percentages. Conversion of the sonic sieving data from mass percentage to volume percentage was done using the porosity and density per particle size class of the different species as described by Foqué et al.
26
. The wet laser diffraction results were then converted to the lower resolution of sonic sieve size fractions. were large enough to allow direct comparison of the PSDs obtained with the three techniques using the sonic sieve classes as particle size classes.
Statistics
The particle size parameters obtained with wet laser diffraction were analyzed using Dell Statistica 12.7 (Dell Inc., TX, USA.). Statistical significance was considered when P < 0.05.
A natural logarithmic transformation of the whole dataset was used to obtain normality for all parameters. To determine the effect of species, one-way ANOVA's, and if significant, Tukey post hoc tests, were performed on the normally distributed parameters.
In addition, sigmoid functions were fitted to the wet laser cumulative PSDs of maize, wheat and pea using SigmaPlot 12.0 (Systat Software, Inc. SigmaPlot for Windows; San Jose, CA, USA).
To assess which parameter determined by micro-CT is most appropriate to describe the PSD for species with a mean aspect ratio higher than 5, correlations between the cumulative size distributions of micro-CT length, width, and equivalent sphere diameter, and wet laser diffraction data were calculated in Statistica.
Comparing the results of the different particle sizing techniques per species was done based on the cumulative volume percentages and simple linear or Pearson r correlations. 
Laser diffraction
The average volume-weighed PSDs obtained for the different species via wet laser diffraction are shown in Figure 1 . The results per sample for maize † , wheat and pea are shown in Figures S2, S3 and S4 (Supporting Information). The small error bars show the good repeatability between samples of the same species. An overview of the particle size characteristics is given in Table 2 . More information about the statistics for these size parameters can be found in Table S1 (Supporting Information). 759.5863 ଵ.ଷଵଶହ + ‫ݔ‬ ଵ.ଷଵଶହ R² = 1.00 ሺ3ሻ † Sample M8, consisting of five subsamples, was not included in the calculation of the average maize particle size distribution because some size classes were missing. However, the particle size distribution of each of these subsamples was determined with wet laser diffraction as an input and to validate a CFD dust drift wind tunnel model (Figure S5 , Supporting Information). Because the information of M8 gathered with Micro-CT considerably enlarges the number of particles considered and the size range (Devarrewaere et al., 2015) , sample M8 was included in the Micro-CT results. For this reason, an approximation of the particle size distribution of the total M8 dust and comparison with the average maize particle size distribution can be found in Figure S6 (Supporting Information). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Sonic sieving
The PSDs obtained for maize, wheat and pea with sonic sieving are shown in Figure 2 .
These graphs are expressed as mass percentages for each particle size class as these PSDs are based on the mass of dust particles collected on each sieve. Results are presented in function of the average diameter of each sieving fraction (e.g. 750 µm for the sieving fraction 500-1000 µm). These results confirm the higher number of smaller particles for wheat dust.
Results of maize and pea are in the same range. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Micro-CT
The mean aspect ratios per species are shown in Table 3 . Except for wheat, the aspect ratios are < 5 which means that for these species the volume equivalent sphere diameter can be used to describe the PSD and for comparison with the laser diffraction results. For wheat, with an aspect ratio of almost 10, laser diffraction data correlated much better with particle length (r = 0.98, p < 0.05) than with particle width (r = 0.76, p < 0.05) or volume equivalent sphere diameter (r = 0.78, p < 0.05). Figure 3 shows the differential PSDs and the maximum observed particle size. For wheat, particle length is used instead of equivalent sphere diameter for wheat. Despite the limited number of particles analyzed, trends observed from laser diffraction and sonic sieving are confirmed: rapeseed dust contains the smallest particles, barley dust has more bigger particles than pea and rye and wheat dust has more smaller particles than maize dust. 
Comparing results of different techniques
Results of the three particle sizing methods are compared in Figure 4 for wheat, maize and pea using the sonic sieving particle classes. Figure 5 compares wet laser diffraction and Micro-CT results for all species using the particle size classes considered with wet laser diffraction. Table 4 shows the correlations between the cumulative volume percentages of the different techniques for the different species.
These graphs and the strength of the correlations show that there is a good agreement between the mean volumetric PSDs obtained via wet laser diffraction and sonic sieving, especially when considering the natural variation between subsamples and the lower number Figure 5 shows that, although efforts were made to minimize bias, the micro-CT results deviate from the PSDs obtained with the laser diffraction. Same observation was made by comparing micro-CT and sonic sieving data (results not shown). This is reflected in lower coefficients of correlation values between micro-CT results and the two other particle sizing techniques (Table 4 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (mean ± SE) and Micro-CT using the laser diffraction particle size classes.
DISCUSSION
Before this study, little was known about the physicochemical properties of dust abraded from treated seeds. The information acquired with the three techniques shows that wheat and rapeseed dust contain more small particles than most other species. In dust abraded from pea While the drag coefficient of a particle is only affected by its shape, its settling velocity depends on size, shape and density. 24 The important size differences observed will therefore already result in big differences in the dust drift potential for different species. As discussed in
Devarrewaere et al., 24 differences in dust particle shape and size may be a result of seed morphology, seed batch, treatment composition, treatment technology, seed cleaning or an interaction of these factors. Together with the aerodynamic properties, the information gathered in this work is therefore helpful for the seed treatment and seed drill industry.
Combined particle size and physicochemical information, is particularly interesting for the development and use of dust drift risk models and assessment tools.
Wet laser diffraction allowed to gather a vast amount of information about the PSD of dust from different species in a rather quick and easy way. The use of this technique for nonspherical particles is however questioned. 23,42 Based on the aspect ratio (Table 3 ) the use of this technique was tolerable for most species (aspect ratio < 5). As the aspect ratio gets higher and the particle becomes more rod-or needle-like, the PSDs resulting from wet laser diffraction become more difficult to interpret. 23 The micro-CT results showed that this is the case for wheat dust which was predominantly needle shaped (aspect ratio 9.99 ± 0.25). For wheat dust, the best correlation between different size parameter estimators obtained via micro-CT and wet laser diffraction data was found for particle length. This finding suggests that non-spherical particles orient themselves in the direction of the flow (flow alignment).
Several publications describe the preferential orientation of discs and rods parallel with walls even in turbulent flow types. 56-62 Kelly and Etzler 42 even argued that in most laser diffraction systems, the flow is not turbulent but rather laminar and the projected surface area rather than In Iacocca et al. 23 an increasing bi-modal character of the particle distribution because of the non-spherical nature is mentioned. This bi-modal character can be observed in the laser diffraction data gathered for wheat and pea ( Figure 1 ). For pea dust particles, the size range considered with micro-CT was possibly too limited to confirm an aspect ratio higher than 5.
During sonic sieving, the largest dimension of non-spherical particles is the dominating factor for particle separation. Because of the oscillating air flow, the particle density and shape might play a role as well. The biggest advantage of this technique is that it allows to separate dust in size classes which can be used to investigate other physicochemical properties as described by Foqué et al. 26 Sonic sieving is, however, a labor-intensive technique. Also, small amounts of dust can be lost during the sieving and analysis process and some particles become static which makes it difficult to separate them in the right sieve fraction. Sieving also measures the PSD in terms of particle mass and with a lower resolution than laser diffraction. Besides sonic sieving, also Air Jet Sieving (Retch®, Verder Scientific Benelux, Aartselaar, Belgium) was considered which allows for separation of smaller particles (range 10 µm up to 4 mm). As for sonic sieving, the resolution of the PSD depends on the number of sieves. However, with Air Jet Sieving, a separate run per sieve class should be made, making the sieving process even more labor intensive and time consuming than sonic sieving. Also, if the same dust sample is used to gather information about several size classes, the PSD might be influenced by the sieving process itself.
In any case, the good agreement between the PSDs obtained with laser diffraction and sonic sifting shows that sonic sieving is able to make a reliable estimation of the PSD of maize, pea and wheat but with a lower resolution and on condition that the particle density is known.
The main disadvantage of micro-CT in particle sizing is the limited number of particles that can be analyzed because the image acquisition and manual processing is very timeconsuming. 24 Although automation of the image analysis might partially cope with these disadvantages, this non-destructive technique is less suitable to assess the PSD of materials.
Using this technique, however, allowed us to gather important additional information about the shape and porosity of the particles. Particle shape gave use more insight about the usability and interpretation of the wet laser diffraction. Particle porosity is needed to determine the particle density, 26 which in turn is necessary to relate mass-PSDs (sonic sieving) and volumetric PSDs (laser diffraction).
Micro-CT results were already discussed in length by Devarrewaere et al.
24
. One of the most important conclusions was the big variation in size range, shapes and porosity of dust particles from different crops. In general, maize dust did not have a predominant shape, with particle shapes mainly including spheroids and disks. Wheat dust particles were generally needle shaped, rye dust particles flake-shaped while dust particles from rapeseed and pea were more or less spherical. These differences are clearly reflected in the mean aspect ratios per species shown in Table 3 .
Even for species with a higher number of particles analyzed with micro-CT (wheat, maize), it looks like the smaller particles are underestimated ( Figure 4 and Figure 5 ). As mentioned before, this could be the result of the measurement method used during the micro-CT measurements and the lower number of particles considered per species. The divergence observed between the three techniques might be a consequence of the non-spherical shape of On the other hand and despite the limited number of particles analyzed, a quite good approximation of the cumulative PSD was provided by the micro-CT data for maize and wheat ( Figure 4 and Figure 5 ). The same can be said for the other species, within the particle size ranges observed with micro-CT ( Figure 5 ). This justifies the combination of the micro-CT data with the data provided by the other measuring techniques in dust drift models and risk assessment tools. However, additional micro-CT measurements should be made to strengthen our findings. More sonic sieving data might enforce the data already gathered (maize, pea and wheat) and provide additional information about the dust properties of the other species.
One of the main goals of this study was to gather detailed information about the particle size of the dust that is emitted during seed drilling. All particle sizing techniques have their disadvantages and, except if spherical particles are considered, none of the technique is able to perfectly describe the real size distribution of particles. Also, none of the techniques is able to deliver all needed particle information (viz. size, porosity and shape) and allows for physical separation of particle size classes at the same time. Combining the information of the selected techniques, an accurate estimation of porosity, size and shape of seed dust particles can be made, although more sonic sieving and Micro-CT data would be beneficial. The gathered information and functions fitted to the wet laser diffraction data of maize, pea and wheat can be used in dust drift prediction models, risk assessment tools and will help to better understand the dust drift phenomenon. It can be argued the dust properties discussed here, might be different from the ones produced by the abrasion process occurring inside (pneumatic) drills due to the method used to generate the dust. In another study, however, we 48, 64 but most of them measure the particles in two dimensions only whereas three-dimensional information is needed for accurate volume calculations. 22 The micro-CT scanner, in contrast, results in 3D-information and provides additional information about the physical properties (e.g. porosity). Therefore, in time, micro-CT equipment could replace wet laser diffraction if the image processing can be optimized and automatized for dust and other non-spherical particles so that a sufficient number of particles can be counted.
Finally, Biocca et al. 64 measured detailed size characteristics of the finest dust fraction (up to an aerodynamic diameter of 18 µm) emitted during the drilling process. Combined with the data from this publication, a detailed data set of dust size characteristics is available which can be used for dust drift prediction models or models looking at the inhalable fraction of the dust. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 48 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The size fractions from 160 -250 µm and from 450 -500 µm were not available for analysis. Table S2 shows the relative share of the dust fractions in the total dust (entire size range). Figure S5 shows the differential and cumulative particle size distributions of the 5 size fractions. Based on the particle distribution of each size class and their relative share in the total dust, an estimation of the particle size distribution of the total dust was made as a weighted mean ( Figure S6 ). First the differential (top) and cumulative (middle) particle size distributions of the M8 dust are shown only considering about 92% of the total dust. The difference with the average maize particle size distribution is most likely a consequence of the missing size fractions. This hypothesis was confirmed by the rough approximation of the cumulative particle size distribution of the total M8 dust ( Figure S6 ). This approximation was conceived by adding 8% to the results of the 477µm laser diffraction size class. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w Figure 2 . Differential (top) and cumulative (bottom) mass-particle size distributions (mean ± SE) for maize, wheat and pea with sonic sieving.
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